Extensive field experience in micro-hydroelectric systems in remote rural communities demonstrates that the use of a typical Automatic Voltage Regulator (AVR), as supplied with a brushless self exciting synchronous alternator, can be the cause of unsatisfactory system performance. This paper presents results from experiments undertaken on a full scale micro-hydroelectric test rig as well as system modelling with PSCAD. The source of the instability is considered to stem from the similar time constants of the ballast load frequency controller and the AVR as two competing feedback control systems. System modelling is used to verify steady state operating points, and confirms that the under frequency roll-off (UFRO) characteristic of the AVR also contributes to unsatisfactory performance.
of the turbine and generator may occur for prolonged periods, unlike the conditions anticipated in the diesel engine -generator combination for which AVR's were designed. In such conditions the AVR may respond by boosting the excitation in order to raise output voltage, but will be unable to do this continuously without overheating. A solution proposed is to purchase an AVR with a more robust specification [7, 8] .
Thirdly, unstable operation during consumer load changes have been predicted [9] , the interaction between load controller and AVR has been considered the source of instability [10] , and one suggestion included 'dumbing down' the frequency controller [9] . The suggestion has also been made that two stable operating points may exist for the one turbine opening, as an explanation for an observed 45-55 Hz instability (or hunting) [5] . Predictions of a minimum system moment of inertia requirement for stable operation (around 3.2 kgm 2 for a 40 kW system) have been made [11, 12] . Some designers [13, 14, 15] added flywheels to the alternator shafts to overcome instability, and then went on to develop various rationale to explain why or how it works. As a comparison, the moment of inertia for a typical 40 kW diesel engine driven system is around 4.5 kgm 2 [16] .
The experimental and modelling results discussed below provide dome clarity on these surmised difficulties surrounding the use of commercial AVR's, and offer a way forward for expanding applications to low inertia machines.
Experimental verification of instability
The Renewable Energy Laboratory in the Faculty of Engineering at the University of Technology, Sydney houses a full scale micro-hydroelectric system. This system and its associated data acquisition components have been used in the research and development of numerous specialized components for micro hydroelectric systems. Figure 1 shows a sketch of the main system components. A set of experiments were conducted to measure and record various parameters as the system became unstable. The micro-hydro system was set up exactly as it would be in the field. Significant points of interest for the fixed excitation graphs include:
(a) the shape of the alternator current is the same as the water head since system voltage remains near constant, and electrical power balances water power input, (b) the ballast load frequency controller maintains system frequency at about 50 Hz, (c) terminal voltage drops with increased load on the alternator.
Significant points for the AVR controlled excitation graphs include:
(d) the AVR increases field current with increased load on the alternator, (e) oscillations in system frequency develop and increase as soon as water input increased, (f) at the point where the oscillations in system frequency are a maximum, each transit below 45
Hz results in an immediate reduction in terminal voltage, (g) the oscillations could only be stopped by reducing the water power input to the turbine.
Oscillations in the system frequency and alternator current were apparent from an early stage in the experiment. The causes are thought to stem from the similar time constants of the ballast load frequency controller and the AVR. Additionally, the transients described in point of interest (f) can be seen to contribute, although they are not responsible for the initial development of the unstable oscillations. The causes of these latter transients stem from the under-frequency-roll-off (UFRO) characteristic of an AVR, and are further discussed below.
Not apparent in the experimental results for the AVR excited system is the difficulty in obtaining the initial steady state operating point. This state must be achieved without the use of the frequency controller and requires careful manual adjustment of water input and resistive load, usually taking a number of attempts to accomplish. This is the practical implication described in the summary of literature above and is independent of lab or village context. However, the results shown here represent a conceptual starting point -that is, assume the system is in steady state and then observe what happens when a change is made. Regardless of this, the key outcome is an experimental verification of the instability, with the benefit of instrumentation not generally available when the phenomenon is experienced in the field.
System modelling should assist in verifying its causes.
System modelling
Modelling of the hydraulic system components yields the expected parabolic shape of the power versus speed curve [17] for any given water input. Figure 3 Repeating the experiment with a range of water power input yields a set of (ideal) parabolic curves. These curves give rise to the turbine speed-versus-torque family of characteristic shown in Figure 4 .
Importantly, only a limited range [125 < ω m < 189 rad/sec] of these curves is considered representative for modelling purposes. Each straight line represents a specific water power input characterised by corresponding water head in meters. System equations include equation for rotational speed (ω m )of the turbine:
where T LOAD is the load torque applied to the shaft (sum of electromagnetic and losses), K 1 is a function of the speed-torque curves shown in figure 4 , and T 1 is proportional to the laboratory system total moment of
Modelling of the electrical system components yields an equivalent first order representation of the alternator shown in Figure 5 . The exciter field winding is represented as a series RL circuit between the exciter field terminals F+ and F-. The alternator in the laboratory, typical of those in the field, is a Newage International BCI-184 which has stator windings configured zig-zag single phase, and has an equivalent rating of 18.1 kVA. The maximum output from the lab system is significantly less, around 7 kW, constrained by water pump and turbine characteristics. The magnitude of the alternator induced voltage (E) derived from Faraday's Law [18] :
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where N is the number of turns in the stator winding, φ is the air gap flux, and f is the electrical system frequency in Hz.
The equation for electrical power generated by the alternator [18] :
where V a is the alternator terminal voltage, δ is the alternator load angle (the phase angle between the reference alternator terminal voltage V a and the alternator induced voltage (E), and X S is the equivalent alternator synchronous reactance. For the unity power factor system shown in figure 5 , the load angle is:
PSCAD, a graphical user interface for use with power systems simulations programs, was used to model the hydraulic and electrical systems. PSCAD also enabled simulations with DC and AVR controlled excitation, with and without the ballast load frequency controller. Some observations of the graphs in Figure 7 : Firstly, it should be noted the 1 kW e load change represents a 50% step change in generated capacity, a much more severe step change than would normally be experienced in the field. A more typical (say < 10% step change) results in ±2% change in system voltage and frequency. Furthermore, the ballast load controller was not optimally tuned for these tests, but was representative of a typical system installation.
Secondly, the PSCAD model for the ballast load controller is based on a typical PID control strategy which has continuous and infinitely variable output control. The algorithm in the real ballast load controller is more complex, includes dead-bands and wait delays, is constrained to just 64 discrete output states, and these states are switched at zero crossings of the alternator voltage by solid state relays to reduce harmonics.
Thirdly, the system with constant DC excitation recovers to the initial steady state within approximately page 13 of 24
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Finally, it is apparent the step response for the AVR controlled excitation system shows a trend towards a steady state -albeit slowly as noted above. Modelling and experiments have revealed that for low water head (water power) input, a system with AVR controlled excitation can operate satisfactorily on the right hand side of the turbine power versus speed curves (described below). However, the manual adjustment required to maintain the system in this carefully balanced state makes it untenable. Further, in the experiment described in section 4, the system instability is most evident when the hydro power input (water head) is at a maximum (> 35m) which corresponds to operating on the left hand side of the turbine power speed curve.
Possible causes of the instability
This paper will continue to focus on understanding the cause of the unstable oscillations.
Similar time constants of control system components
The cause is considered to be related to the similar time constants of the two control system componentsthe ballast load frequency controller and the AVR. Analysis of the operation of the ballast load frequency controller indicates it has a time constant of around 60ms. IEEE 421.5-1992 suggests a type AC5A [19] AVR model appropriate for this sized machine has a time constant of around 20 ms. Figure 6 shows the moment of inertia of the system results in a time constant of around 1 sec. The time constant for the alternator (armature winding) electrical components is orders of magnitude faster (typically less than 1ms), and approaches zero for the purpose of this analysis.
Kirchhoff's Laws yield the equivalent electrical circuital expression for figure 5 :
where I a is the alternator current, R a and jX S are the armature resistance and reactance, is typically designated as the reference angle in the system; armature current is in phase in this unity power system. Equations (3) and (6) model the alternator induced voltage (E), and will be used to describe the interaction between the various control systems.
Case 1: Hydro turbine with constant DC excitation and no ballast load frequency controller.
This scenario results in the graphs shown on the left hand side of figure 6. The steady state operation at t = 0 is described by equation (1):
Equation (3) is rewritten: 
where it is assumed (R a +jX S ) remains unchanged, and R BALLAST remains unchanged since there is no ballast load controller. . The time constants for these changes are determined by electrical system components, typically in the order of milliseconds, and compared to the rotating system time constants are considered negligible. The magnitude of induced voltage remains unchanged at this point since frequency has not changed.
Furthermore, the change in armature current results in a change in electromagnetic torque. Equation (1) yields a net accelerating torque which (in time) altered system speed (ω m ) according to figure 4 at a rate defined by the moment of inertia (J) in equation (2) . Figure 6 indicates a time constant of around (τ≈1000 ms). 
Case 2: Hydro turbine with constant DC excitation and with ballast load frequency controller.
This scenario results in the graphs shown on the left hand side of figure 7 . Following a similar analysis to that described above yields equations (7) to (10) 
Case 3: Hydro turbine with AVR controlled excitation and no ballast load frequency controller.
This scenario results in the graphs shown on the right hand side of figure 6. Equation (3) is rewritten:
where
and remains constant, and frequency (f) and air gap flux (φ) can vary. Air gap flux is changed by the AVR as it varies exciter field current to maintain (regulate) alternator terminal voltage.
Equations (9) and (10) frequency is noticeably greater for the AVR controlled excitation compared to constant excitation as the AVR increases field current in an attempt to maintain terminal voltage regulation. Once the system frequency fell below the UFRO set-point, the field current was reduced, and a small overshoot in the measured response is noticeable as the system reaches a new steady state operating point. This new steady state point is similar to, but different from, the point described by equation (11) .
In summary, the induced voltage (E) is a function of air gap flux (which is constrained by the UFRO characteristic) as well as changes in system frequency:
Case 4: Hydro turbine with AVR controlled excitation and with ballast load frequency controller.
This scenario results in the graphs shown on the right hand side of figure 7. Equation (13) is applicable, but as described in sections 6.1.2 and 6.1.3, the stimulus will result in AVR as well as ballast load controller action, hence equation (14) becomes:
The significant underdamped response from the similar magnitude of the time constants for the two independent feedback control systems acting upon the one system variable.
Case 5: Hydro turbine with AVR controlled excitation and with ballast load frequency controller and increased system moment of inertia (eg. flywheel added to shaft of alternator).
By increasing the system moment of inertia and hence slowing the rate of change of system speed [15] the impact of the two control systems time constants are separated. The time constants associated with the system moment of inertia dominate and system behaves in a similar manner to a governed prime mover such as a diesel engine (eg. J = 4.55 kgm 2 ), and hence τ≈13000ms for changes in system speed and frequency. Equation (15) becomes:
This system is characterised by relatively tight voltage regulation but poorer frequency regulation [14] .
Impact of the AVR under frequency roll off (UFRO) characteristic
In diesel genset applications, when a large load is applied to the alternator resulting in significant speed reduction, the UFRO characteristic is useful in reducing system excitation, and hence terminal voltage and electromagnetic torque. This affords the independent diesel engine governing system an opportunity to recover nominal speed.
When the UFRO function is applied to the different dynamic of a small turbine as prime mover, the effects become problematic. The point of interest (f), described in Section 4 above, is shown in closer detail in Figure 8 . The amount by which the terminal voltage is reduced for each excursion below the UFRO set point is predicted by the AVR manufacturer, as reproduced in figure 9 . This feature is user settable, the shaded region in Figure 9 shows the region of operation for an AVR resulting in reduced output from the alternator as a function of frequency. This characteristic is typical across a range of AVR manufacturers. In this case, the UFRO was set at 45 Hz, and so the largest excursion below 45 Hz in figure 7 (at around 58 seconds, when the frequency reached 43.5 Hz) the output voltage was reduced to approx 88% of 240 V AC , or around 210 V AC as shown in figure 8 .
Alternator terminal voltage and frequency versus time
As noted previously, although the impact of the UFRO characteristic is not the initial cause of the instability observed in figure 2 , it is clear it does contribute to unsatisfactory system performance. Apart from these transient instabilities, the UFRO characteristic also contributes to problems in maintaining a satisfactory steady state point [5] . To understand these problems, knowledge of the system steady state operating points is required.
Operating points on the turbine power versus speed curves
Repeating the experiments that produced the graphs in figure 3 A trajectory of measured data from step response experiments can be plotted onto these curves. Figure 11 shows a reduced set of curves to those shown in figure 10 The flat part of the resistive power curves results from AVR operation, it maintains constant terminal voltage, and hence constant power. The under frequency roll-off characteristic in this theoretical model was set at 47 Hz and excitation is reduced according to the graph shown in Figure 9 . In practice, the UFRO can be adjusted, a typically (Australian) factory setting is around 45-46 Hz. Operating on the negative slope of the power speed curve will result in a trajectory towards new steady state operating point which opposes the change in demand, and will therefore assist speed regulation.
However, the change in speed over this trajectory for an AVR excited system is faster than the fixed DC excited system.
Operating on the positive slope will result in a trajectory towards a new steady state operating point which, in the case of an increase in demand, cannot be sustained, and will therefore hinder speed regulation action. As a result, an AVR excited systems cannot be brought to a steady state condition; ie. it is not possible to bring the system up to a nominal speed as is the case with an externally governed system such as a diesel engine prime mover [6] .
From observations of the system operating on either slope, it is evident that the AVR readily 'drops into' the UFRO condition, and tends to stay there in a reduced excitation stable operating condition. This aligns with observations of others [5] . Where installed, a ballast load controller will respond to this low frequency operating point by reducing ballast load. But the return trajectory out of the UFRO condition usually requires a significant change in ballast load, and as a result, the system speed increases rapidly, overshoots the nominal set-point, and the similar response rates of the load controller and AVR result in the system returning to UFRO condition. This is the oscillation shown in figure 8 .
The observations of unsatisfactory performance and instability in micro-hydroelectric systems resulting from the interaction of the ballast load frequency controller and automatic voltage regulators have been verified. System modelling yields analysis suggesting the similar time constants of the two feedback systems (speed and voltage) contribute to instability.
The Under Frequency Roll-Off (UFRO) characteristic of AVR excited systems results in a reduced excitation steady state operating point. The system frequency at this steady state operating point is not necessarily the UFRO set-point, but is dependent on hydraulic power input.
This study also yields an understanding of the possible steady state operating points on the turbine power speed curves for constant excitation and for AVR controlled excited systems. Constant excitation permits operation on the positive or negative slope of the curve, whilst stable operation is only possible on the negative slope side of the curve for the AVR excited system.
